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Long-term Fuel Specific NOx and Particle Emission Trends for InUse Heavy-Duty Vehicles in California
Molly J. Haugen and Gary A. Bishop*
Department of Chemistry and Biochemistry MSC 9020, University of Denver, Denver CO
80208, United States
Abstract
Two California heavy-duty fleets have been measured in 2013, 2015 and 2017 using the On-road
Heavy-duty Measurement System. The Port of Los Angeles drayage fleet has increased in age by
3.3 model years (4.2 to 7.5 years old) since 2013, with little fleet turnover. Large increases in
fuel specific particle emissions (PM) observed in 2015 were reversed in 2017, returning to near
2013 levels, suggesting repairs and or removal of high emitting vehicles. Fuel specific oxides of
nitrogen (NOx) emissions of this fleet have increased and NOx after-treatment systems do not
appear to perform ideally in this setting. At Cottonwood weigh station in northern California, the
fleet age has declined (7.8 to 6 years old) since 2013 due to fleet turnover significantly lowering
the average fuel specific emissions for PM (-87%), black carbon (-76%) and particle number (64%). Installations of retrofit-diesel particulate filters in 2007 and older vehicles have further
decreased particle emissions. Cottonwood fleet fuel specific NOx emissions have decreased
slightly (-8%) during this period, however, newer technology vehicles with selective catalytic
reduction systems (SCR) promise an additional factor of 4 to 5 further reductions in the longhaul fleet emissions as California transitions to an all SCR equipped fleet.
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Introduction
Nitrogen oxides (NOx = NO + NO2) and particulate matter (PM) are major constituents of diesel
exhaust from heavy-duty vehicles (HDVs). Because of this, HDVs’ NOx and PM emissions have
been heavily regulated in the U.S., as they contribute to the formation of ozone and acid rain, are
climate forcers, specifically black carbon (BC), and can lead to damaging health effects.1-4 The
most recent Federal and California NOx and PM standards required an order of magnitude
reduction to 0.2 and 0.01 g/bhp-hr, respectively. All HDV engines manufactured beginning in
2007 are required to comply with the PM standards and the NOx requirements have undergone a
phase-in beginning with 2010 engines.5-8 In order to meet these low levels for NOx and PM
emissions, engine manufactures have implemented after-treatment systems that reduce NOx via
selective catalytic reduction systems (SCRs) and have also installed diesel particulate filters
(DPFs) to trap PM before it is emitted into the atmosphere.9
SCRs utilize thermalized urea to reduce NOx to nitrogen (N2) and water, and reductions have
been reported between 75 and 95 percent for tailpipe NOx under optimal temperature and urea
dosing conditions.10, 11 An SCR system is temperature dependent for two reasons; one being that
urea requires a minimum of 200 °C for thermalization to form ammonia needed for NOx
reduction, and two, the SCRs’ catalyst is required to be above this temperature, depending on the
material, to effectively reduce NOx to N2 due to the higher activation barrier for nitric oxide
(NO).12,

13

Current in-use systems have been able to comply with the laboratory certification

testing, but it is debated how well the standards are actually met during on-road operations.
Dixit et al. showed that low speed operations produce elevated NOx emission factors, upwards of
2-4 times the certification levels due to lower engine operating temperatures, and the lowest
emissions factors were achieved at higher operating temperatures.14 Similarly, Quiros et al.
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researched seven HDVs (five of which were diesels) and revealed that on-road HDVs in urban
driving conditions and drayage operations tend to exceed the current NOx standard.15

It is likely impossible to eliminate all engine out particles from combustion engines and so the
current approach has been to trap the particles before they enter the atmosphere. Therefore, DPFs
have been exclusively employed to meet the lower particle emission standards. DPFs are ceramic
monolithic filters that work by way of interception and are effective at reducing particle
emissions by more than 90 percent from pre-DPF levels filtering out all but the smallest of
nanoparticles.16-19

In 2000, the California Air Resources Board instituted the California Diesel Risk Reduction Plan
with the goal of reducing diesel PM emissions 85% statewide by 2020.20 A variety of rules and
regulations has encouraged the retirement of older HDVs and accelerated the penetration of
lower emitting HDVs. To reduce the particle pollution in the San Pedro Port area, the San Pedro
Bay Ports Clean Air Action Plan required all vehicles operating within the Ports of Los Angeles
and Long Beach to have 2007 and newer engines equipped with DPFs resulting in a complete
turnover of the Port fleet in 2010.

21, 22

The mandatory introduction of DPFs, seen in chassis

model year 2008 and newer, has resulted in measurable reductions in the PM emissions from
HDVs servicing the Los Angeles and Long Beach Ports.17,

19, 21, 23

Statewide, the California

Truck and Bus Rule established a time schedule for requiring all HDVs to meet these PM and
NOx standards. This rule requires older model year vehicles operating in California to either be
replaced or comply with PM filter requirements as of January 1, 2015.21,24 In addition, all trucks
operating in California by 2023 must comply with both the 0.01 g/bhp-hr PM standard and 0.2
g/bhp-hr NOx standard.
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To track the accelerated turnover of California HDV fleets and to assess the progress made
toward reaching the anticipated 85% PM emission reduction by 2020, emission measurements
have been collected at two California HDV sites. These two sites are located at the Port of Los
Angeles and Cottonwood weigh station on I-5 in Cottonwood, CA (17 miles south of Redding,
CA). The Port of Los Angeles fleet is generally comprised of local HDVs with first generation
DPFs that are involved in primarily short haul activities and has been slow to introduce SCR
equipped HDVs. The Cottonwood weigh station fleet consists of interstate HDVs that are
predominantly involved in long-haul operations. These contrasting fleets and retirement
schedules have established different dynamics in the emission trends observed. This research
adds a third in-use emissions data set to the measurements previously collected in 2013 and 2015
to form one of the largest in-use emissions database for HDVs.25, 26 We have used this data set to
compare and contrast these California fleet emission trends and examine the in-use effectiveness
of the new after-treatment systems.
Experimental
Three successful campaigns in California have utilized the University of Denver’s On-road
Heavy-duty Measurement System (OHMS), with the setup and instrumentation detailed at length
previously.25 To summarize, HDVs drive under a 4.6 meter high and 15.2 meter long event tent,
with a ceiling-mounted perforated polyethylene pipe that spans the length of the tent. Exhaust
plumes from HDVs with elevated exhaust pipes are contained in the tent, and sampled through
the polyethylene pipe which integrates the plume over the length of the tent as the HDV drives
through. A portion of the exhaust plume is then drawn to the end of the polyethylene pipe by an
end-mounted fan enabling a rapid fuel specific HDV emission measurement. Ground level
exhaust HDVs are rarely measured, albeit an occasional ground level liquefied natural gas
4

(LNG) vehicles at the Port is measured due to high exhaust temperatures that elevates the
exhaust plume quickly enough to be captured.
OHMS collects data on multiple gases through a twin piston diaphragm pump (KNF Neuberger,
Inc. UN035.1.2ANP, 55 L/min), using ¼ inch Teflon tubing and a water condensation trap. The
samples are analyzed using a Horiba AIA-240 non-dispersive infrared (IR) analyzer for carbon
dioxide (CO2) and carbon monoxide (CO), a Horiba FCA-240 that collects data on total
hydrocarbons (HC) using a flame ionization detector and NO via ozone chemiluminescence, and
a second Horiba FCA-240 measures total NOx, also by ozone chemiluminescence and nitrogen
dioxide (NO2) is determined by the NO and NOx difference. A Dekati Mass Monitor (DMM230A, 0-1.2µm) measures total PM mass and particle number concentration ([PN]) with a
cascading impactor. BC mass is measured by a Droplet Measurement Technologies
photoacoustic extinctiometer (PAX 0-1µm) that uses photoacoustic absorption at 870 nm. These
individual particle instruments use ¼ inch copper tubing to sample the exhaust. A fast mobility
particle sizer (model 3091, FMPS, TSI Inc.) was used in the 2015 and 2017 campaigns to
monitor fuel specific particle size distributions on individual HDVs for particles 5.6 to 560 nm.
The maximum span for the CO2 analyzer was set at each site using a certified mixture of 3.5%
CO2 in nitrogen (Praxair). The gaseous analyzers were calibrated at the beginning and end of
each day on location by injecting into the sample line, prior to the exhaust fan, a Bar-97 certified
low-range calibration gas (0.5% CO, 6% CO2, 200 ppm propane, and 300 ppm of NO in
nitrogen). All species were divided by CO2 to get an emission species to CO2 ratio, which were
averaged and divided by the certified bottle ratios to give scaling factors applied to each fuel
specific HDV measurement for CO/CO2, HC/CO2, NO/CO2 and NOx/CO2. The Dekati DMM230A was factory calibrated and calibration of the PAX was performed in-lab prior to field
5

measurements following the manufacturer’s instructions. Both particle instruments were zero
corrected daily as needed.
The analysis of exhaust plumes is initiated when a HDV exits OHMS triggering an IR body
sensor. 15 seconds of data are then collected from all analyzers at 1 Hz. An increase of 75 ppm
of CO2 or more above background is required for a plume to be valid and all plumes are visually
post-processed to ensure only one plume comprises each record. Both criterion must be met
otherwise the measurement is rendered invalid and excluded from the results. Speed and
acceleration at the entrance and exit of the tent are obtained from a pair of optical speed
measurement bars.
Three separate cameras were used to image individual HDV license plates (important to attain
non-personal vehicle identification information such as vehicle identification number, make and
model year), visible blue caps on the driver side of the HDV, which indicates the presence of a
urea tank needed for SCR systems, and an IR camera (Thermovision A20, Flir Systems) captures
IR thermographs of the exhaust pipes for temperature determination. IR thermographs of the
HDV exhaust pipes were converted into temperature (ºC) using an emissivity calibration curve
defined from a previous field calibration.25 License plate information for the 2017 measurements
was

matched

against

state

records

as

well

as

an

online

reverse-plate

lookup

(www.searchquarry.com). HDV emission regulations are enforced based on engine manufacture
year; however, the information acquired from a license plate only reveals chassis manufacture
year. Our experience has shown that the chassis model year is almost always one model year
newer than the engine and this assumption will be used for the subsequent analyses. Therefore, it
is assumed that 2008 chassis model year and newer vehicles are manufactured to meet the 0.01
g/bhp-hr PM standard. Because NOx emission standards have been phased-in, not all 2011 and
6

newer chassis model year vehicles have been manufactured to meet these new standards. The
proportion of HDVs meeting the standard has increased each year since 2011 but has yet to reach
100% of production, meaning an increasing number of 2011 and newer model year HDVs are
equipped with SCR systems that meet the 0.2 g/bhp-hr.6, 7
The gases and particle measured ratios for each species were converted into fuel specific
emissions of grams of pollutant per kilogram of fuel (g/kg of fuel) by carbon balance. For diesel
HDVs a carbon mass fraction of 0.86 was used and for LNG fueled HDVs 0.75 was used.27 The
[PN] were post-processed to obtain fuel specific PN/kg of fuel data, as well as the FMPS data to
acquire fuel specific PN emissions distributions by particle size bin.
This measurement setup collected fuel specific emissions at two California locations in three
biennial years: 2013, 2015 and 2017. One location was at the Port of Los Angeles, managed by
TRAPAC Inc. The OHMS tent was set up at the exit all three years, though the physical location
of the exit changed between 2013 and 2015 as previously reported.25 In 2017 the site was
furthered altered with the addition of a speed bump just outside of the exit gate, reducing the
number of valid measurements. The HDV fleet at the Cottonwood weigh station comprised the
second fleet measured during these campaigns, and the measurement location went unchanged
for all measurement years.
Results and Discussion
On-road fuel specific emission factors were collected at the Port of Los Angeles (795
measurements) and Cottonwood Weigh Station (1045 measurements) in the spring of 2017
adding to the 2013 and 2015 data sets, with that data shown in Table S1 and previously
reported.25, 26 All data sets are comprised of vehicles with a gross vehicle class weight rating of 7
7

and 8. Vehicles are not weighed at the Port, and although HDVs are subject to weigh station
activities at Cottonwood, that information is not available. The Port fleet is entirely comprised of
vehicles 2007 and newer and is a completely DPF equipped fleet while currently only 89% of the
Cottonwood fleet is model year 2007 or newer. Table 1 summarizes the 2017 measurements with
model year averages, number of measurements, unique vehicles, fleet average fuel specific
emissions for CO, HC, NO, NO2, NOx, PM, BC, and PN, as well as entrance and exit speed and
acceleration and IR exhaust temperature. Uncertainties are standard errors of the mean calculated
using the distribution of the daily means (see Supporting Information). Diesel vehicles dominate
the 2017 fleet with only 6 vehicles measured at the Port powered by LNG (3 lean burn with
elevated exhaust and 3 stoichiometric combustion with ground level exhaust), and because of the
negligible impact on the overall means, they have been included in the fleet averages.
The fleet at the Port of Los Angeles has continued to age in 2017 (7.5 years old) being 1.5 years
older than the 2015 fleet (6 years old) and 3.3 years older than in 2013 (4.2 years old). 75% of
the measurements are still comprised of vehicles older than model year 2011 with 2008 - 2009
model year vehicles contributing the largest number of measurements (57%). Traditionally
drayage fleets have employed the oldest and lowest cost vehicles for these short haul operations.
With the required fleet turn over in 2010 to DPF equipped HDVs, the Los Angeles and Long
Beach Port fleet became the newest fleet in California. However, this fleet appears to be
returning to previous operations where older vehicles that continue to age are the norm and few
newer vehicles with improved aftertreatment systems are incorporated into the fleet. In contrast,
the Cottonwood fleet continues to benefit from fleet turnover, induced by the California Truck
and Bus rule, and is overall 1.8 model years newer in 2017 than observed in 2013, and is now 1.5
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Table 1. Location, date, road grade, number of HDVs measured, average model year, mean fuel specific emissions (g/kg of fuel), with
standard errors of the mean, speeds, accelerations and IR exhaust temperature.
gNOa/kg,

Location/

HDVs

Date/

(Unique)

Road grade

mean MY

gNOxb/kg

Port of LA/

795

14.6 ± 0.2,

April 3-7 2017/

(628)

0°

2009.8

27.6 ± 0.4

Cottonwood/

1045

9.6 ± 0.7,

April 10-14 2017 /

(971)

-0.5º

2011.3

a

gCO/kg

1.7 ± 0.3

2.8 ± 0.4

gHC/kg

0.41 ± 0.08

0.28 ± 0.04

gNO2/kg,

3.7 ± 0.3,

2.9 ± 0.1,

Entrance/Exit
gPM/kg

gBC/kg

Speedc

PN/kg

Accelerationd

0.035 ± 0.01

0.03 ± 0.01

0.09 ± 0.005

0.06 ± 0.003

18.6 ± 1.2

2.2 x 1014

8.5/7.2

±2.6 x 1013

0.31/-0.68

7.7 x 1014

11.3/11.9

± 9.5 x 10

13

0.23/0.16

IR exhaust
temp (ºC)

86 ± 3

108 ± 3

grams of NO b grams of NO2 c kilometers per hour d kilometers per hour per second
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years newer than the Port of Los Angeles fleet. 62% of the 2017 Cottonwood fleet is model year
2011 and newer compared to only 25% at the Port.
Oxides of Nitrogen
Figure 1 shows the five year emission trends at both locations for all gaseous emissions. 2013
(grey), 2015 (green) and 2017 (red) are shown for CO (solid), HC (triangles), NO (moles of NO,
open), NO2 (horizontal striped) and NOx (moles of NO2, hatched) at the Port of Los Angeles and
Cottonwood. A 26% increase at the Port and a 16% decrease at Cottonwood in fleet average NOx
emissions, mainly NO, from 2015 to 2017 data were the only gaseous emission with a
statistically significant change (validated with a null hypothesis test at the 95% confidence level).
The NOx fleet average in 2017 (27.6 gNOx/kg of fuel) at the Port of Los Angeles is a significant
increase from the means observed in 2013 and 2015 (20.7 and 21.6 gNOx/kg of fuel
respectively). The Port and Cottonwood have similar 2008-2010 model year average NOx
emissions (30.0 ± 0.5 and 27.4 ± 1.0 respectively) and both show increases with age (see
Supporting Information Figures S1 and S2).
Overall, fleet average fuel specific NOx emissions at Cottonwood are now 33% lower than at the
Port. Figure 2 graphs the 2017 fuel specific NOx emissions as a function of model year for the
Port of Los Angeles (grey) and Cottonwood (red) data. NO is displayed as grams of NO2 (solid
and hatched bars) along with NO2 (open bars) so the height of the bar is total gNOx/kg of fuel by
model year. Uncertainties are standard errors of the mean calculated using the daily means. A
third of the difference is due to the fact that the newest model years plotted in Figure 2 at
Cottonwood have lower fuel specific NOx emissions. The Port data is noisier due to a smaller
number of 2011 and newer vehicles in the fleet but does not show the same systematic NOx
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2013
2015
2017

Mean g/kg of fuel

25
20
15
10
5
0

CO

HC

NO

NO2 NOx

CO

HC

NO NO2 NOx

Port of Los Angeles
Cottonwood
Site and Emissions Species
Figure 1. 2013 (grey-left bars), 2015 (green-middle bars) and 2017 (red-right bars) data
from the Port of Los Angeles (left) and Cottonwood (right) for CO (solid), HC (triangles),
NO (open), NO2 (horizontal stripes) and NOx (hatched) gases. Uncertainties are standard
error of the means calculated using the daily means.
40

2017 NO2 Port of Los Angeles
2017 NO as NO2 Port of Los Angeles
2017 NO2 Cottonwood
2017 NO as NO2 Cottonwood

36

gNOx/kg of fuel

32
28
24
20
16
12
8
4
0
2008

2010

2012

2014

2016

Chassis Model Year
Figure 2. Total fuel specific NOx emissions by model year for the Port of Los Angeles (greyleft bars) and Cottonwood (red-right bars). Filled/hatched portions are gNO/kg of fuel as NO2
equivalents and open portions are NO2. Uncertainties are standard errors of the mean
calculated using the daily means of the total NOx.
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reductions with model year as observed at Cottonwood. To emphasize this point, average NOx
emissions for model years 2011 and newer at the Port of Los Angeles were 20.1 ± 0.9 gNOx/kg
of fuel, compared to 10.6 ± 1.2 gNOx/kg of fuel at Cottonwood. Even after age adjusting the Port
of Los Angeles 2011 and newer fleet to match that of Cottonwood, the mean fuel specific NOx
emissions of the Port fleet changed little (20.1 to 19.6 gNOx/kg of fuel) again demonstrating the
lack of a NOx model year dependence at the Port. The remaining NOx difference is simply due to
a higher percentage of 2011 and newer HDVs at Cottonwood. Figure S3 in the Supporting
Information shows that the fleet fraction of vehicles at Cottonwood has shifted since 2013 to a
higher percentage of vehicles model year 2011 and newer.
Proper SCR function relies on temperatures hot enough to thermalize urea (typically a minimum
of 200 ºC prior to the catalyst) in addition to a catalyst temperature that lowers the activation
barrier to successfully reduce NOx. As reported by others, HDVs subject to drayage driving
modes have been found to have lower average engine temperatures, problematic for current SCR
systems.15,

28

Table 1 shows that the average IR exhaust pipe temperature observed at

Cottonwood is considerably higher than at the Port of Los Angeles. If the comparison is
restricted to vehicles model year 2011 and newer, the difference increases to 110 ºC and 79 ºC (ttest, greater than 99% confidence). This temperature difference is likely the major factor in the
difference in observed NOx emissions for the newest model year HDVs at each location. The
lack of any meaningful decrease in NOx, especially NO2 emissions, for the newer model years at
the Port of Los Angeles supports other reports that the activity cycle for a majority of the HDVs
at the Port is insufficient to consistently support active SCR systems.15, 29
The reduction observed at Cottonwood is a result of a newer fleet having an increasing
percentage of low emitting NOx HDVs than at the Port, indicating the SCRs at Cottonwood are
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more effective likely due to elevated operating temperatures. As the California Truck and Bus
rule forces the early retirement of pre-SCR HDVs, there is an expectation that the NOx emissions
will continue to decrease in the Cottonwood fleet. Using the 2017 and newer model year average
emissions (~4.7 gNOx/kg of fuel), a factor of 4 reduction is possible from the current fleet
average. While HDV SCR systems are not expected to perform at optimum levels in a weigh
station, the observations at both locations strongly suggest that current on-road HDV NOx
emissions are higher than the certification standards.
Particulate Matter
The PM reduction story is more consistent between these two sites and parallels other
observations of dramatic reductions in diesel PM with the introduction of DPFs.17, 30 Overall fleet
average emissions for the Port of Los Angeles (left) and Cottonwood (right) for 2013 (grey),
2015 (green) and 2017 (red) measurement years are displayed in Figure 3. Fuel specific PM
(solid bars) and BC (hatched bars) are plotted against the left axis and fuel specific PN (open
bars) are shown against the right axis. Uncertainties are standard errors of the mean calculated
using the daily means. The averages from the Port of Los Angeles have been consistently lower
than the Cottonwood fleet, a result stemming from all vehicles at the Port having DPFs installed
since 2010. The BC and PN means are significantly lower than similar observations from the
Port of Oakland, though the emission trends are consistent. Reported literature values support the
lower values. While the reasons for these discrepancies are unknown, the possibilities have been
extensively discussed in a previous publication.25
In 2015 there were significant increases at the Port for all three particle species, as there was an
increase in the fraction of higher emitting HDVs. The 2015 fleet PM, BC and PN increased from
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Figure 3. Fuel specific mean emissions for PM (solid, left axis), BC (diagonal, left axis) and PN
(open, right axis) at the Port of Los Angeles and Cottonwood Weigh Station for 2013 (grey-left
bar), 2015 (green-middle bar) and 2017 (red-right bar) HDV fleets. Uncertainties are standard
errors of the mean calculated using the daily means.
the 2013 data by +266%, +300% and +87% respectively. High emitting HDVs were found in
model years 2008-2010 and were responsible for this increase (see Figure S4). These model
years possess engines that trade higher engine out PM emissions for NOx control and therefore
rely heavily on the functionality of a properly working DPFs in order to limit tailpipe PM
emissions.31 In 2017 the removal and or repair of these vehicles accounts for the decrease in
particle emissions and a return to near 2013 levels (63% reduction from 2015 PM and BC
levels). In particular, a single 2009 vehicle measured in 2015 was responsible for over 40% of
the cumulative PM and 47% of BC. When measured in 2017 it was found to be low emitting and
accounts for a majority of the reductions observed. The emissions distribution at the Port of Los
Angeles is still more skewed than observed in 2013 (see Figure S6 in the Supporting
Information) indicating the remaining presence of HDVs with DPF problems, though much less
so than observed in 2015.
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The 2013 fuel specific particle emission averages at Cottonwood were significantly higher than
at the Port (see Figure 3) due to it being an older, less regulated fleet with more pre-DPF engines.
The 2015 measurements showed decreases from the 2013 data (PM -66%, BC -65% and PN 19%) in response to newer vehicles being added to the fleet and older vehicles being retrofit with
DPFs, decommissioned or relocated.25 Previous behaviors continued to lower emissions in the
2017 fleet leading to an additional PM, BC and PN decreases of -60%, -25% and -55%
respectively from 2015 data. The PM and BC levels at Cottonwood are now comparable to the
levels found with a fully DPF fleet observed at the Port of Los Angeles. The overall reduction of
87% of PM from 2013 to 2017 for the Cottonwood fleet is three years ahead of the goal set in the
Diesel Risk Reduction Plan by the California Air Resources Board.20
Cottonwood particle emissions have been positively impacted through the shift to newer model
year vehicles and retrofit activity among remaining older model year vehicles. Contributions
from each model year at Cottonwood are shown in Figure 4 for (a) mean fuel specific BC by
model year, (b) fleet percentage by model year, and (c) the percent contribution for each model
year, assuming equal vehicle fuel consumption, to the total BC emissions for 2013 (black) and
2017 (red) data. Uncertainties are standard errors of the mean calculated using the daily means,
and vehicles model year 2000 and older have been combined. All particle emissions in the
remaining older model year vehicles have undergone significant BC decreases as retrofits have
been installed.25 The large decrease between model year 2007 and 2008 coincides with the
introduction of vehicles originally equipped with DPFs.
Vehicles model year 2007 and older comprised 61% of the fleet measured in 2013 (Figure 4b),
but only 13% of the 2017 fleet; the highest individual fleet percentage in 2013 came from
vehicles that were older than model year 2001 (more than 20%). These vehicles also dominated
15

Figure 4. 2013 and 2017 (a) mean fuel specific black carbon emissions (b) fleet percentages
and (c) fleet percent contribution, assuming equal vehicle fuel consumption, all versus model
year. Uncertainties are standard errors of the mean calculated using the daily means.
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the BC total percent contribution (Figure 4c) while model year 2010 and newer were a minor
contribution to the overall total in 2013. HDVs with retrofits are evident in Figure 4b, as older
model years have reduced gBC/kg of fuel average in 2017 compared to 2013. In 2017 the newest
model year vehicles are now responsible for the majority of the overall BC emissions but those
percentage contributions are for a fleet total which has undergone a factor of 7 reduction between
2013 and 2017. The five year reductions observed at Cottonwood illustrate the effectiveness of
the new technology and how the California Truck and Bus Rule is making an impact at lowering
the on-road particulate emissions inventory in California.
As the particle emissions at Cottonwood have steadily decreased, the fleet averages are now
dominated by a few high emitting vehicles. Figure 5 shows the fuel specific PM distribution
versus fleet fraction at the Cottonwood weigh station for 2013 (black dotted line), 2015 (blue
dashed line) and 2017 (red solid line) data. The 1:1 line would be representative of each HDV in
the fleet contributing equally to the overall fleet averages, and deviation from this ratio indicates
a more skewed emissions distribution. In 2013, half of the PM emissions were from 12% of the
measurements, and in 2017 half of the PM emissions were from 5.5% of the measurements. This
is the result of not just newer HDVs being added to the fleet but a majority of the older vehicles
that remain in the Cottonwood fleet having lower emissions both contributing to improved fleet
emissions over the years.
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Figure 5. Fraction of HDVs responsible for the fraction of fuel specific PM from all HDV
measurements at Cottonwood shown for 2013 (dotted black line), 2015 (dashed blue line) and
2017 (solid red line). The solid black line represents the 1:1 ratio.

Supporting Information. Supporting figures (S1-S6) and table (ST1) referenced in the text.
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Table S1: Location, number of HDVs measured, average model year, mean fuel-specific
emissions (g/kg of fuel), with standard errors of the mean calculated using the daily means,
speeds, accelerations and IR exhaust temperature.
Figures
Figure S1: 2013 (gray circles), 2015 (green diamonds) and 2017 (red squares) data from the Port
of Los Angeles gNOx/kg of fuel versus chassis model year. Uncertainties are standard error of
the means calculated using the daily means.
Figure S2: 2013 (black circles), 2015 (blue diamonds) and 2017 (red squares) data from the
Cottonwood gNOx/kg of fuel versus chassis model year. Uncertainties are standard error of the
means calculated using the daily means.
Figure S3: Cottonwood (a) gNOx/kg of fuel emissions percentage contribution to total NOx for
2013 (black dashed line) and 2017 (solid blue line) and (b) fleet percentage versus model year
for 2013 (black open bars and 2017 (blue solid bars) data.
Figure S4: gPM/kg of fuel by Chassis model year for 2013 (grey circles), 2015 (green diamonds)
and 2017 (red squares) data at the Port of Los Angeles. Uncertainties are standard error of the
mean calculated using the daily means.
Figure S5: gPM/kg of fuel by Chassis model year for 2013 (black circles), 2015 (blue diamonds)
and 2017 (red squares) data at Cottonwood. Uncertainties are standard error of the mean
calculated using the daily means.
Figure S6: Fraction of each HDV measurement responsible for the corresponding fraction of
total PM at the Port of Los Angeles for 2013 (black dotted line), 2015 (green dashed line) and
2017 (solid red line) data. The solid black line represents the 1:1 ratio.

Estimation of Standard Errors of the Mean for Reported Uncertainties
S1

Vehicle emissions from US vehicle fleets are not normally distributed, thus the assigning of
uncertainties on fleet emission means involves a process that many readers may not be familiar
with. Standard statistical methods that were developed for normally distributed populations,
when used on a skewed distribution, result in uncertainties that are unrealistically too small due
to the large number of samples. The Central Limit Theorem in general indicates that the means
of multiple samples, randomly collected, from a larger parent population will be normally
distributed, irrespective of the parent populations underlying distribution. Since we almost
always collect multiple days of emission measurements from each site, we use these daily
measurements as our randomly collected multiple samples from the larger population and report
uncertainties based on their distribution. We calculate means, standard deviations and finally
standard errors of the mean for this group of daily measurements. We report the fleet weighted
means for all of the emission measurements and then calculate a standard error of this weighted
mean by applying the same error percentage obtained from the ratio of the standard error of the
mean for the daily measurements divided by the daily measurement mean. An example of this
process is provided below for the 2015 Port of Los Angeles, CA gNO/kg of fuel and gPM/kg of
fuel measurements. While this example is for a fleet mean we also use this technique when we
report standard errors of the mean for individual model years or specific fuel or technology
types. For example each model year will have its daily means averaged and then its standard
error of the mean for the daily average computed and that percent uncertainty (STD Error
MY/Daily MY average) will be applied to that model year’s fleet mean emissions.
Cottonwood, CA 2017
Date

4/10/2017
4/11/2017
4/12/2017
4/13/2017
4/14/2017

Mean
gNO/kg of
fuel
9.5
12.1
8.2
9.8
8.1

Average for Daily Means

9.5

0.09

0.7

0.005

9.6

0.09

0.7

0.005

Standard Error for the
Daily Means
Weighted Fleet Mean
Standard Error for the
Fleet Means
As Reported in
Table 1

9.6 ± 0.7

Counts

Mean gPM/kg
of fuel

Counts

318
166
183
215
134

0.08
0.08
0.09
0.10
0.08

325
170
190
223
137

0.09 ± 0.005

S2

Table S1. Location, number of HDVs measured, average model year, mean fuel-specific emissions (g/kg of fuel), with standard errors of
the mean calculated using the daily means, speeds, accelerations and IR exhaust temperature.
Location

HDVs
mean MY

gCO/kg

gHC/kg

Port of LA
2013

1219
2009.1

2.3 ± 0.4

0.2 ± 0.03

Port of LA
2015

1456
2009.3

3.0 ± 0.4

1.2 ± 0.4

Cottonwood
2013

1866
2005.6

5.1 ± 0.2

0.3 ± 0.04

Cottonwood
2015

694
2008.1

3.0 ± 0.2

0.7 ± 0.1

a

gNOa/kg
gNO2/kg
gNOx b/kg
12.4 ± 0.3
2.3 ± 0.3
20.7 ± 0.8
12.8 ± 0.5
2.3 ± 1.0
21.6 ±2.1
10.6 ± 0.4
3.5 ± 0.1
20.3 ± 0.7
11.9 ± 0.2
4.1 ± 0.5
22.1 ± 0.7

gPM/kg

gBC/kg

PN/kg

Entrance/Exit
Speedc
Accelerationd

0.03 ± 0.01

0.02 ± 0.003

1.5 x 1014 ±
2.5 x 1013

7.7/9.3
0.3/0.5

86 ± 1

0.11 ± 0.01

0.08 ± 0.01

2.8 x 1014 ±
2.8 x 1013

11.3/11.9
0.3/N.A.

91 ± 2

0.64 ± 0.11

0.23 ± 0.03

2.1 x 1015 ±
6.0 x 1013

15.8/16.9
1.1/1.0

98 ± 5

0.22 ± 0.04

0.08 ± 0.002

1.7 x 1015 ±
1.4 x 1013

14.5/15.0
0.6/0.5

105 ± 1

IR exhaust
temp (ºC)

grams of NO b grams of NO2 c kilometers per hour d kilometers per hour per second

0

S3

Figure S1. 2013 (gray circles), 2015 (green diamonds) and 2017 (red squares) data from the
Port of Los Angeles gNOx/kg of fuel versus chassis model year. Uncertainties are standard
error of the means calculated using the daily means.
1

S4

Figure S2. 2013 (black circles), 2015 (blue diamonds) and 2017 (red squares) data from the
Cottonwood gNOx/kg of fuel versus chassis model year. Uncertainties are standard error of
the means calculated using the daily means.
2
3

S5

Figure S3. Cottonwood (a) gNOx/kg of fuel emissions percentage contribution to total
NOx for 2013 (black dashed line) and 2017 (solid blue line) and (b) fleet percentage versus
model year for 2013 (black open bars and 2017 (blue solid bars) data.
4

S6

5

Figure S4. gPM/kg of fuel by Chassis model year for 2013 (grey circles), 2015 (green diamonds)
and 2017 (red squares) data at the Port of Los Angeles. Uncertainties are standard error of the mean
calculated using the daily means.

6

S7

7

Figure S5. gPM/kg of fuel by Chassis model year for 2013 (black circles), 2015 (blue
diamonds) and 2017 (red squares) data at Cottonwood. Uncertainties are standard error of the
mean calculated using the daily means.
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S8

Figure S6. Fraction of each HDV measurement responsible for the corresponding fraction of
total PM at the Port of Los Angeles for 2013 (black dotted line), 2015 (green dashed line) and
2017 (solid red line) data. The solid black line represents the 1:1 ratio.
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